The side-wall pressure in liquid-filled plastic film bags subjected to drop impact was measured using pressure sensors, and the relationship between the variation in pressure with time and the number of heat-sealed sides of the bag was investigated. The two samples A and B [130 © 300 mm 2 (width © height)] made of transparent plastic film of 67 µm thickness were used. Sample A was a liquid-packaging bag heatsealed at four sides, and sample B heat-sealed at three sides. The bags contained about 1,000 mL of liquid. Pressure sensors were placed at 26 positions along the inner wall surface of the bag. The samples were held at a height of 0.5 m and freely dropped onto wood floor, aluminum alloy, rubber and sponge plates on a concrete floor. The bottom drop test was carried out. Results indicate that the propagation speed of pressure is affected by the number of heated-sealed sides of the bag, and the maximum pressure by the type of floor material.
Introduction
Recently, a new container, which consists of a paper outer case and a liquid-packaging bag, for liquid food products, such as soy sauce, has been developed. When liquid food in the bag is removed, the bag can be replaced with a new bag containing liquid food without replacing the case. The paper case is made of a sheet of recycled paper and its size is similar to that of the milk carton with a volume of 1000 mL. The liquid-packaging bag is made of plastic film for which the amount of plastic used is about 1/8 of that of plastic containers. The reduction in the volume of plastics is expected to minimize problems, such as increases in the amount of plastic garbage and air pollution due to the incineration of plastics.
However, although the resistance of the new container to drop impact is superior to that of conventional paper containers, 13) it is inferior to that of conventional plastic containers. The new containers and isolated liquid-packaging bags containing liquid food products will be transported from liquid food makers to consumers and sales outlets for liquid food. Therefore, when the containers and bags are treated in the same manner as conventional plastic containers during their transport, they may burst owing to drop impact. The burst is inferred to be caused by a rapid increase in pressure in the bag subjected to drop impact. Therefore, to increase the resistance of the new containers and isolated liquidpackaging bags to drop impact, the deformation behavior and the pressure of the bags subjected to drop impact must be investigated.
The internal pressure of flat packaging bags made of plastic film subjected to drop impact has been measured, and it was concluded that to increase the resistance, the bag height must be reduced. 4) However, in the case of the new containers, such a conclusion does not hold true, because the containers are vertically long structures owing to their required function.
The deformation behavior and internal pressure of liquidpackaging bags containing liquid subjected to drop impact have been investigated. 5) The obtained results indicate that the bags had characteristic bulging and constriction, whose degrees vary with time, the deformation of the bags was larger than that of the bag in a case, and the variation in the shape of the bags could be explained on the basis of the variation in the pressure of the bags estimated using the water hammer theory. However, the pressure measurement has been carried out at one point. To increase the resistance of the new containers and isolated liquid-packaging bags to drop impact, it is desirable to know the pressure at many points of the bags.
In this study, the side-wall pressure at many points of liquid-filled plastic film bags, which were heat-sealed along three or four sides, without outer cases subjected to drop impact was measured using pressure sensors, and the relationship between the variation in pressure with time and the number of heat-sealed sides of the bag was investigated. In addition, the relationship between the maximum pressure in the bags and the type of floor material onto which the bags are dropped was determined.
Experimental Procedure
The liquid-packaging bags used as samples in free-drop tests are shown in Fig. 1 . The bags were made of nylonpolyethylene laminate film of 67 µm thickness. Four and three sides of the bags for samples A and B were heat-sealed using a heat sealer, respectively. The width of the heat-sealed areas is 10 mm. The bags contained about 1,000 mL of water. The samples were held at a height h of 0.5 m using two kite strings and pulleys, and freely dropped onto floors. As floor materials, a wood floor plate (12 mm thickness), an aluminum alloy (A5052) plate (6 mm thickness), a rubber plate (5 mm thickness) and sponge plates (35, 70 and 105 thicknesses) were used. The bottom drop test was carried out. The bottom drop means that the entire area of the bottom of the bag or the case firstly contacts the floor.
For measuring the pressure in each bag, miniature pressure sensors (PS-5KC, Kyowa Electronic Instruments Co., Ltd.) were placed at 26 points on the inner wall surface of the bag, as shown in Fig. 2 . The sensors at positions 1, 2, 3 and 4, and those at positions 23 and 24 were placed 5 mm from the inner top and bottom surfaces of the bag, respectively. Therefore, the vertical distance between position 1, 2, 3 or 4 and position 23 or 24 is 270 mm. One sensor per drop test was used for keeping the disturbance of the pressure and fluid flow in the bag by the sensor to a minimum. The electric signal from the pressure sensors was fed into a computer as digital data via a pressure interface. After their measurement, the pressures were visualized using a gray scale.
Experimental Results and Discussion

Pressure distribution and propagation
Figures 3 and 4 show the pressure distributions in the liquid-packaging bags with time when the wood floor plate was used as the floor material for samples A and B, respectively. In these figures, t = 0 indicates the moment when the bottom of the bag contacts the floor plate. For sample A, the pressure that formed at the lower middle part in the bag immediately after the drop impact propagated in the direction of the left and right heat-sealed sides, and subsequently, it propagated upward. The propagation pressure is almost symmetrical in the horizontal direction and not uniform. In addition, it is not uniform in the bag. For sample B, the pressure first propagated in the direction of the left heat-sealed side and then in the direction of the right side, which was not heat-sealed; subsequently, it propagated upward. The propagation pressure is asymmetrical in the horizontal direction and not uniform in the bag. These results indicate that the propagation of pressure in the bag is affected by the number of heat-sealed sides, is not uniform and is complex. This nonuniform and complex pressure propagation may be caused by the complex reflection of the pressure wave, which probably results from the variations in shape and cross-sectional area at each position of the bags with time, as shown in Fig. 5 . Fig. 6 were similar to those caused by a water hammer phenomenon. According to this phenomenon, the pressure variations occur owing to a rapid change in fluid momentum. 6) In this study, the impact of the bag on the floor plate rapidly increased in pressure, and this high pressure propagated upward as a pressure wave. Figure 6 indicates that the maximum pressures at positions 1, 2 and 4 are lower than that at position 23 for samples A and B. Furthermore, the times at which the pressures at positions 1, 2 and 4 for sample A become maximum (hereafter, such time is called the maximum pressure time) are later than that at position 23. According to the water hammer theory, the amount of the maximum pressure and the maximum pressure time are the same at all positions. The lower maximum pressure at positions 1, 2 and 4 implies pressure loss during the upward propagation of pressure waves, and the later time implies a decrease in the propagation speed of pressure waves during the upward propagation. These pressure loss and later time may be mainly due to the friction between liquid and the wall of the bag and the complex flow of liquid in the bag, which probably result from the variations in shape and crosssectional area at each position of the bags with time, as shown in Fig. 5 . In the water hammer theory, the friction and complex flow are not considered.
The maximum pressure times at positions 23, 1, 2 and 4 for samples B are later than those for sample A. The later maximum pressure time for sample B is inferred to be caused by a more complex reflected pressure wave than that for sample A. In general, the pressure wave in a rigid tube made 0 of steel almost linearly propagates in the axial direction of the tube because the deformation of the tube wall is small. However, the cross-sectional area of the bags varies at each position with time. The variation in cross-sectional area probably generates complex reflected pressure waves in the bags, as described above. The shape of the bag for sample A is symmetric because the bag is sealed at four sides, and that for sample B asymmetric because the bag is sealed at three sides. Therefore, the deformation of sample B is larger and more complex than that of sample A, as shown in Fig. 5 . This larger and more complex deformation of sample B probably generates a more complex reflected pressure wave than the deformation of sample A.
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The maximum pressure times at positions 23 and 2 for sample A are about 7 and 18 ms, respectively. Therefore, the average propagation speed of the pressure wave between positions 23 and 2 [hereafter, such a speed is called the speed at position P n (P n = 1, 2 and 4)] for sample A is 24.5 m·s ¹1 , as determined by dividing the distance between positions 23 and 2 (270 mm) by 11 (= 18 ¹ 7) ms. For sample B, the speed at position 2 is 25.7 m·s
¹1
. The speeds at positions 1 and 4 are 41.5 and 41.5 m·s ¹1 for sample A, and 41.5 and 25.7 m·s ¹1 for sample B, respectively. For sample A, the speed at position 2 is lower than those at positions 1 and 4, which are close to the heat-sealed area. For sample B, the speed at position 2 is the same as that at position 4, which is far from the heat-sealed area, and is lower than that at position 1, which is close to the heat-sealed area. These results indicate that the propagation speed of the pressure wave at each position in the bag is affected by the distance from the heat-sealed area.
The pressure propagation speed is estimated using the water hammer theory. 6) According to the theory, the pressure propagation speed in a circular tube can be calculated using
where K is the bulk modulus of water, µ is the mass density of water, E is the Young's modulus of the bag, d is the diameter of an equivalent round bag with a cross-sectional area the same as the maximum cross-sectional area of the bag and t is the thickness of the bag. After substituting K = 2.25 GPa, 7) µ = 997.1 kg/m 3 , 7) E = 0.552 GPa (obtained from tensile tests at a speed of 5 mm/min by the authors), d = 62.6 mm and t = 67 µm to eq. (1), a was calculated to be 23.7 m·s ¹1 . The experimental pressure propagation speeds are higher than the theoretical propagation speed (23.7 m·s
). This discrepancy may be caused by the larger diameter d used in eq. (1) than the depth of flow passage at each position in the bags and the variations in the shape and cross-sectional area of the bags with time. The diameter d in eq. (1) is used as a constant. However, it is not actually constant, as described above. In general, the depth of flow passage at each position and each time is smaller than d used in eq. (1) . When the smaller diameter in eq. (1) is used, the speed calculated using eq. (1) increases and is inferred to be near the measured value. 
Time, t/ms
The amount of the pressure at position 2 for sample A, shown in Fig. 6(c) , is approximately 1/7 that at position 23, and that for sample B is approximately one-half that at position 23. This discrepancy may be due to the overlap of complex reflected pressure waves, as described above.
The above results indicate that the propagation speed of pressure is affected by the number of heated-sealed sides of the bag. Figure 7 shows the relationships between different types of floor material and the maximum pressure at positions 23 and 2 in the bags for sample A. In the figure, the thickness t is shown immediately beneath the type of floor material. The aluminum alloy (A5052) plate generated the highest pressure among the floor materials, and the sponge plates thicker than 70 mm the lowest pressure. The maximum pressure for the rubber plate was similar to that for the wood floor plate. The effect of a sponge plate on the maximum pressure highly depended on the thickness of the sponge plate. The maximum pressure for the sponge plate of 35 mm thickness was similar to that for the wood floor plate and approximately twice that for the sponge plate of 70 mm thickness. For the sponge plates thicker than 70 mm, the maximum pressure was similar to that for the sponge plate of 70 mm thickness. This result indicates that the maximum pressure in the bags subjected to drop impact is affected by the type of floor material, and to reduce the maximum pressure in the bags, the optimal thickness of a selected floor material must be determined.
Maximum pressure
The maximum pressure can be calculated using eq. (2) obtained from the water hammer theory. 6) In eq. (2), v 0 is the drop speed at h = 0 m when the bag drops from a certain height. After substituting v 0 = 3.13 m·s ¹1 for h = 0.5 m, K = 2.25 GPa, 7) µ = 997.1 kg/m 3 , 7) E = 0.552 GPa (obtained from tensile tests at a speed of 5 mm/min by the authors), d = 62.6 mm and t = 67 µm to eq. (2), P imp was calculated to be 73.9 kPa.
The measured maximum pressure of about 100 kPa, shown in Fig. 7 , was higher than the theoretical pressure. This discrepancy may be caused by the variation in the shape and cross-sectional area of the bags, as described in the discussion for the propagation speed of the pressure wave. When the smaller diameter in eq. (2) is used, the theoretical pressure calculated using eq. (2) increases.
The above results indicate that the maximum pressure in the bags can be estimated using the water hammer theory.
Conclusions
The side-wall pressure in liquid-filled plastic film bags subjected to drop impact was measured using pressure sensors, and the relationship between the variation in pressure with time and the number of heat-sealed sides of the bag was investigated. In addition, the relationship between the maximum pressure in the bags and the type of floor material onto which the bags are dropped was determined. The obtained results were as follows:
(1) The pressure propagation and distribution in the bags were affected by the number of heat-sealed sides and the distance from the heat-sealed area of the bags, according to whose distance, the depth of flow passage at each position and each time in the bags differs. (2) The maximum pressure in the bags can be estimated using the water hammer theory and was highly dependent on the type of floor material. Therefore, a cushioning material under the bags, which is carefully selected in consideration of its cushioning property, was effective for reducing the maximum pressure in the bags. Variation in Pressure in Liquid-Filled Plastic Film Bags Subjected to Drop Impact
